Aims. We study the individual evolution histories of three nearby low-mass edge-on galaxies (IC 5052, NGC 4244, and NGC 5023). Methods. Using resolved stellar populations, we constructed star count density maps for populations of different ages and analyzed the change of structural parameters with stellar age within each galaxy. Results. We do not detect a separate thick disk in any of the three galaxies, even though our observations cover a wider range in equivalent surface brightness than any integrated light study. While scale heights increase with age, each population can be well described by a single disk. Two of the galaxies contain a very weak additional component, which we identify as the faint halo. The mass of these faint halos is lower than 1% of the mass of the disk. The three galaxies show low vertical heating rates, which are much lower than the heating rate of the Milky Way. This indicates that heating agents, such as giant molecular clouds and spiral structure, are weak in low-mass galaxies. All populations in the three galaxies exhibit no or only little flaring. While this finding is consistent with previous integrated light studies, it poses strong constraints on galaxy simulations, where strong flaring is often found as a result of interactions or radial migration.
Introduction
Studies of galaxy evolution have always had to solve the problem of the very long timescales involved: Galaxies only change very slowly over millions and billions of years. The study of galaxy evolution must therefore rely on indirect methods and measurements.
Fortunately, the finite speed of light opens a way to look into the past. By observing galaxies far away, we automatically look at galaxies in the past. This allows us to study the evolution of galaxy properties from the early Universe to the present time. This leads to a good knowledge of the evolution of the overall galaxy populations, but it does not help with the study of the evolution of individual galaxies. The question what the predecessor of the Milky Way, or of any current galaxy in general, has looked like cannot be answered through such studies.
A different approach to studying galaxy evolution is the detailed analysis of current galaxies in order to distinguish their individual histories. The detailed knowledge of the kinematics, ages, and chemistry of all stellar populations of a galaxy today would allow inference on its formation and evolution. This approach is often called galactic archeology or near-field cosmology. But even without the full knowledge of the kinematical and chemical distribution of the stars, galaxies contain much information about their past. Integrated colors (and their gradients) contain information about the ages and metallicities of the underlying stellar distribution, integrated spectra give valuable information about the ages, kinematics, and metallicities and even the temporal evolution of them (e.g. Ocvirk et al. 2008) , and deep color-magnitude diagrams allow determining the star formation history (SFR) and metal enrichment function.
Most processes in the evolution of galaxies also leave their signature on the structure of galaxies; an active merger history, for instance, will lead to a strong bulge, while the quiescent accretion of gas forms a thin galactic disk. In this paper we aim to better understand galaxy evolution by analyzing the vertical and radial structure of stellar populations in nearby galaxy disks.
Vertical structure of disks
From simple modeling of the vertical structure of galactic disks, it is expected that it follows a sech 2 density profile when an isothermal disk is assumed (van der Kruit & Searle 1981a) , but observationally, a centrally more peaked profile such as a sech or exponential profile 1 was found to be more appropriate for the stellar distribution (van der Kruit 1988; ). This deviation from the isothermal model can be explained by a mixture of stellar populations with different velocity dispersions, David Streich et al.: Extragalactic archeology with the GHOSTS Survey I.
as they are observed in the Milky Way, where the velocity dispersion increases with stellar age (Wielen 1977; Carlberg et al. 1985) .
Observations show that a single-disk profile is often not sufficient to describe the disk, but that a second component with a larger scale height is necessary. These so-called thick disks were first discovered in S0 galaxies (Burstein 1979; Tsikoudi 1979) , then in many other galaxies and in our own Milky Way (Gilmore & Reid 1983) . Later they were found to be ubiquitous (Pohlen et al. 2004; Yoachim & Dalcanton 2006; Comerón et al. 2011a) .
Thick disks were usually seen as a distinct component. Many properties of the thick disk could be determined in the Milky Way: It is kinematically hot (e.g., Nissen 1995; Girard et al. 2006) , old, metal poor, and alpha enhanced (e.g., Fuhrmann 2008) . Recently, the picture of a clear distinct thick disk has been challenged by Bovy et al. (2012a,b) . They proposed the disk to be a superposition of many "mono-abundance population disks", which can be each described by a single-disk model.
In many studies it was found that thick disks do not only have larger scale heights, but also larger scale lengths (Robin et al. 1996; Yoachim & Dalcanton 2006; Jurić et al. 2008, and others) , but this has also been questioned for the MW by Bensby et al. (2011) and Bovy et al. (2012b) as well as by recent simulations (Stinson et al. 2013; Bird et al. 2013; Minchev et al. 2014) .
The possible formation processes of the thick disk are still unclear. Thick disks may -form as thick disks, for example, in very massive star formation aggregates (Kroupa 2002) or turbulent clumpy disks (Bournaud et al. 2009 ) such as would appear after gas-rich mergers (Brook et al. 2004 ); -be created from a pre-existing thin disk that is thickened through internal heating or scattering by giant molecular clouds or spiral arms 2 ; -be created from a pre-existing disk by redistributing stars through outward radial migration (Schönrich & Binney 2009; Loebman et al. 2011) 3 ; -result from external heating of an earlier disk by minor mergers (Quinn et al. 1993) or dark matter halo bombardment (Kazantzidis et al. 2008 ); -be made of accreted material from satellite galaxies (Statler 1988; Abadi et al. 2003 ). Obviously, a combination of these processes might also play a role, with different ratios in different types of galaxies.
Radial structure of disks
Disks are thin, rotationally supported structures. They show a radial light profile that is (close to) exponential (Patterson 1940; de Vaucouleurs 1959; Freeman 1970) . However, some disks are truncated in the outer parts (van der Kruit 1979), which means that outside the break radius (typically at a radius of 1.5-6.0 scale lengths) a different exponential is needed to describe the surface brightness profile. In most cases (60%) the outer exponential is steeper than than the inner one, but for 30% it becomes shallower. Only a minority of 10% does not show a break in the radial light profile at all (Pohlen & Trujillo 2006) .
Disks form through the dissipational collapse of a cooling gas cloud that forms stars after collapsing. How this leads to an exponential light profile is a still-unsolved problem. The two prevailing ideas are that (1) the exponential profile reflects the initial angular momentum distribution of the gas cloud (Freeman 1970; Larson 1976) and (2) the viscosity of the gas leads to a redistribution of angular momentum that results in an exponential profile (Lin & Pringle 1987) . More recently, Elmegreen & Struck (2013) suggested that stellar scattering off of transient mass clumps in the disk naturally results in an exponential profile.
A widely accepted idea is that disks form from inside out: at first, gas with low angular momentum gathers in the center and forms stars, and later gas with higher angular momentum gathers around this and forms more stars. This behavior is seen in many different models (e.g., Larson 1976; White & Frenk 1991; Burkert et al. 1992; Mo et al. 1998; Naab & Ostriker 2006; Brook et al. 2006 ) and leads to negative age and metallicity gradients (e.g., Matteucci & Francois 1989; Chiappini et al. 1997; Boissier & Prantzos 1999; Prantzos & Boissier 2000) . Observational evidence for the inside-out formation of disks can be directly found in age gradients (Muñoz-Mateos et al. 2007; MacArthur et al. 2009; Williams et al. 2009 ), in metallicity gradients (MacArthur et al. 2009 ), color gradients (de Jong 1996) , and in the change in galaxy sizes with redshift (Patel et al. 2013; van der Wel et al. 2014) .
The interpretation of radial gradients has to take into account that stars can change their radial position in the galaxy with time. It has long been known that scattering effects can blur and heat galactic disks. But it has been found only relatively recently that stars can also change their radial position and still keep the circular nature of their orbits (Sellwood & Binney 2002 ). This radial migration process dramatically changes the chemical evolution and the metallicity gradients (Schönrich & Binney 2009 ) and leads to a radial extension of disks (Roškar et al. 2008; Sánchez-Blázquez et al. 2009 ). It might also cause the formation of a thick-disk component (Loebman et al. 2011) .
While the physical reason for the exponential disk profiles is still unclear, the reasons for a break in the radial profiles are even less well understood. The breaks occur at a similar surface brightness in all galaxies (Kregel et al. 2004) , at the same radius for all heights above the plane, and for all populations (Pohlen et al. 2007; de Jong et al. 2007 ). They can be observed even at redshifts of z ≈ 1 (Pérez 2004; Trujillo & Pohlen 2005) . Truncated disks have a color minimum at the break radius, while antitruncated, that is, disks whose scale length is greater beyond the break, and unbroken disks only show a flattening of their color profile at large radii, both in the local Universe and at higher redshifts (z ≈ 1) (Bakos et al. 2008; Azzollini et al. 2008a,b) .
The nature of breaks is also still discussed. Bakos et al. (2008) claimed that a break is only due to a change in stellar populations and that the mass profile is unbroken, but this is in contrast to results from the GHOSTS survey (de Jong et al. 2007; Radburn-Smith et al. 2012) , which show breaks in star counts of different populations. The break in simulations is also connected to a steepening of the stellar mass profile (Roškar et al. 2008; Sánchez-Blázquez et al. 2009 ). These simulations predict a minimum of the age distribution at the break radius and a smooth metallicity profile.
The numerous break formation models can be roughly divided into two groups. The first connects the break to a break in star formation, either due to a limited gas distribution (van der Kruit 1987) or to a star formation threshold (Fall & Efstathiou 1980; Kennicutt 1989; Dopita & Ryder 1994; Schaye 2004; Elmegreen & Hunter 2006) . The second group contains models that dynamically redistribute stars after their formation, either as a result of secular angular momentum redistribution (Debattista et al. 2006; Foyle et al. 2008; Minchev et al. 2012b) or of tidal interactions (Gnedin 2003; Kazantzidis et al. 2008 ).
We here examine the structure of different stellar populations with distinct ages to study the temporal evolution of galaxy disks. In Sect. 2 we explain the data and methods, we present our results in Sect. 3, discuss them in Sect. 4, and conclude with a summary in Sect. 5.
Data and methods

GHOSTS Survey
GHOSTS is an extensive multicycle HST survey that images the resolved stellar populations in the halos and outer disks of 17 nearby disk galaxies. The galaxies in the GHOSTS sample span a wide range of morphologies, from Sab to Sd, and masses (with V rot ranging from 80 km/s to 230 km/s). A detailed description of the survey is given in Radburn-Smith et al. (2011) and the data are publicly available at the Mikulski Archive for Space Telescopes (MAST) 4 . The survey was performed using the cameras ACS and WFC3 and filters F814W and F606W. These filters were chosen because they have a high throughput and because red giants, which are supposed to be the majority of (bright) stars in the assumed old halos, have the highest flux in this wavelength range.
The observations were designed so that red giant branch stars could be well resolved; the observations typically reach at least a signal-to-noise ratio (S/N) of 10 at 1 mag below the tip of the red giant branch. For the nearer galaxies (D < 5 Mpc) this requirement was obtained within the limits for HST SNAP programs, while for farther galaxies GO programs were run. The dedicated GHOSTS observations were complemented with all archived observations fulfilling the same requirements. The current GHOSTS database contains data from cycles 12 to 21.
GHOSTS data reduction
All details of the observations and the data reduction can be found in Radburn-Smith et al. (2011, for the ACS data) and Monachesi et al. (2015, for the WFC3 data) . Here, we only summarize the main points of the data reduction.
After basic data reduction (bias subtraction, flat-fielding, cosmic ray and bad pixel identification, drizzling), the program DOLPHOT, which is a modified version of HSTphot (Dolphin 2000) , is used to identify and photometrically measure the stars. We performed PSF photometry using the tiny tim point-spread functions (PSF). Together with the positions and magnitudes of the stars, DOLPHOT reports many photometric parameters for diagnostic purposes, such as sharpness, roundness, crowding, and the S/N. These parameters can be used to distinguish between stars and other objects.
We defined a set of culls on the diagnostic parameters that ensured that a maximal number of stars and a minimal number of contaminants was detected. To estimate the number of contaminants that are expected for a given set of culls, observations from the Hubble archive were chosen that are aimed at highredshift objects at high galactic latitudes. These observations are expected to be free of any detectable stars, and thus the culls should minimize the detections in these fields. At the same time, the culls were requested to maximize the recovery fraction of artificial stars that are placed into the same images. We call the culls we chose with those two requirements sparse field culls because they are optimized for fields with low star count numbers.
A second set of culls was optimized for a high recovery fraction of artificial stars in very crowded regions. This is called the crowded field cull. Compared to the sparse field cull, it has about 60% more contaminants, but at the same time, the recovery fraction of stars in crowded regions is more than twice as high as for the sparse field culls. Since the typical number of contaminants is very small (about a few dozen per ACS field) compared to the number of stars in crowded regions (a few thousand per ACS field), the larger number of real detections outweighs the increased number of contaminants. For more details on determining optimal culls we refer to the appendix of Radburn-Smith et al. (2011) . In the following we always use the crowded field culls, if not stated otherwise.
To further increase the reliability of our star catalogs, we used SExtractor (Bertin & Arnouts 1996) to create a segmentation mask that masks out all extended sources such as background galaxies or nearby bright stars.
Sample of edge-on galaxies
The GHOSTS sample contains seven edge-on galaxies that have data on their disks 5 , which we included in our analysis (see Table 1 ). In this first paper we examine the three low-mass galaxies (75 km/s < V rot < 100 km/s). The three massive galaxies (V rot > 200 km/s) will be covered in a subsequent paper. The intermediate-mass galaxy NGC 4631 is analyzed in an additional paper because the strong effects of the interaction with its neighbor NGC 4627 require a different treatment.
Age selection in the CMD
Color-magnitude diagrams (CMD) allow us to separate the stars into populations of different ages. The CMDs of the GHOSTS galaxies show clearly distinguishable structures that belong to different stellar populations (see the CMDs in Figs. B.1 to B.3 in the appendix). These populations are the upper main sequence, the helium-burning branches, the asymptotic giant branch, and the red giant branch.
To define age-separated stellar populations, we defined five CMD bins (see Fig. 1 , left). These CMD bins were designed to cover different ages with as little overlap in age as possible (see Fig. 1, right) . To define the bins and determine their age distributions, we used a synthetic CMD created with MATCH (Dolphin 1997 (Dolphin , 2002 and using the Padova isochrone set (Girardi et al. 2010; Marigo et al. 2008) . A constant star formation rate (from log(t)=10.15 to log(t)=6.6) and a flat metallicity distribution function (between [Z]=-2.2 and [Z]=0.2) were used.
The populations defined by these CMD bins are as follows. Main sequence (MS, blue): contains massive core hydrogenburning stars that are mainly younger than 40 Myr, but stars up to 300 Myr can contribute to this population. Upper helium-burning branches (upHeB, cyan): contains massive core helium-burning stars with an age of mainly between 40 Myr and 150 Myr, with a weaker contribution from stars between 25 Myr and 300 Myr. Notes.
(1) Right ascension, declination, and scale heights from K-Band fits by Seth et al. (2005a) ; (2) position angle, inclination, morphology index, and rotational velocity from HyperLEDA (Paturel et al. 2003 Throughout this paper, we use the median ages of these populations (see Table 2 ) for all plots showing the ages of the populations, and their error bars encompass the range between the 10 percentile and the 90 percentile of the age distributions. The bin size of the maps is (7.2 ) 2 . These raw star count maps were then corrected for incompleteness effects, using completeness maps created from the artificial star tests. They were also corrected for masked regions in the original images. We used the average of all fields in overlapping regions of different fields. Finally, bins with a completeness lower than 0.5 and bins whose areas were masked to more than 40% in the original image were excluded?.
Completeness correction Not all stars that are in our field can be reliably measured. Stars near the detection limit might be missed because of statistical variations in the photon flux, and stars in crowded or bright sky regions might also be missed. We quantified the completeness of our observations through the recovery fraction from the artificial star tests. For each population the fraction of recovered artificial stars was calculated in each spatial bin, that is, we created a completeness map for each population. This is different from the approach in the GHOSTS DR1 (Radburn-Smith et al. 2011) , where the completeness was presented as a function of magnitude, color, and sky brightness, but not as a function of position. The change in the approach was necessary because we found that the completeness can vary within a field independent of sky brightness. In particular, we found that the completeness depends on the y coordinate of the HST images, with a decreasing completeness toward the chip gap. This is probably caused by CTE effects, which affect the central regions of an image more than the edges.
Fitting methods
To quantify the structural parameters of the disks, we fit different galaxy models to the star count maps. Because the star count maps often contain very low numbers of stars per pixel, the quality of the fit has to be calculated with a Poissonian likelihood estimator instead of the often used χ 2 . Such a Poissonian likelihood estimator was first proposed by Cash (1979) and has strongly been argued for by Dolphin (2002) . It can be derived in the same way as the χ 2 statistics, but starting from the Poissonian probability function
with m i denoting the expected counts in pixel i in the model and n i the observed counts in that pixel. Then the maximum likelihood model can be obtained by minimizing the Poissonian likelihood ratio (PLR)
6 The last term in the sum only depends on the data, which of course do not change during the fit. Therefore it can be omitted without effecting the best-fit model, but including this term gives the advantage that each term under the sum is greater than zero (which is important for some numerical minimization routines) and that for large n i the PLR converges to the same value as a χ 2 .
David Streich et al.: Extragalactic archeology with the GHOSTS Survey I. Determining scale heights: To analyze the vertical structure of the population at different radii from the galaxy center, we fit an isothermal sheet model (van der Kruit & Searle 1981a) to the stellar surface density profiles. The model reads
where n 0 is the star count density in the midplane, z c the center of the stellar distribution relative to the galaxy midplane (defined through the center coordinates and the position angle of the galaxy), z 0 the scale height, and n bg the surface density of contaminants.
We used an isothermal model even though many observations found a more peaked function to better fit the vertical light profile of galaxies. The isothermal model was preferable because we fit our model to distinct stellar populations of well-defined ages, for which the isothermal assumption is more justified than for the overall stellar content of a galaxy.
2D fits: To measure scale lengths, scale heights, and break radii, we fit a simple model of an edge-on disk with a broken exponential as radial profile to the 2D maps of star count density:
with
where x c is the x-coordinate of the galaxy center, h r,i the inner and h r,o the outer scale length, and r b the break radius. K 1 (x) is the modified Bessel function of the second kind and xK 1 (x) is the projected surface density of an exponential disk seen edge-
This model assumes a constant scale height along the disk. We show in Sect. 3 that this assumption is justified. We also note that the model in Eq. 4 is a single-disk model, meaning that it does not contain any thick-disk, bulge, or halo components. This will of course limit its applicability; but for the low-mass galaxies in our sample, this model is sufficient to describe the distribution of stars in each population.
For the actual 2D fits we used the program IMFIT 8 (Erwin 2014) , which permits using the Poisson likelihood ratio statistics for the minimization process. IMFIT is also designed to make the inclusion of additional image functions simple, and we have extended it with the broken edge-on disk model of Eq. 4.
The error bars shown in this paper were calculated with IMFIT using a bootstrap analysis of the given data. This means that all error bars only include statistical uncertainties.
Spitzer data
For a comparison of the star count maps from GHOSTS with integrated light observations we used data from the InfraRed Array Camera (IRAC; Fazio et al. 2004 ) of the Spitzer Space Telescope. The data were reduced within the Spitzer Edge-On Disk Galaxies Survey project (Holwerda et al. 2006) . We here briefly describe the data and the reduction process.
The data contain mosaics of 32 edge-on disk galaxies in all four IRAC channels. They were taken in a dedicated GO program (GO 20268: The Formation of Dust Lanes in Nearby Edgeon Disk Galaxies; PI: R. S. de Jong) and were complemented with archival data. The observing strategy and data reduction were set up in such a way that the final data products were equivalent in quality to the data products from the Spitzer Infrared Nearby Galaxy Survey (SINGS; Kennicutt et al. 2003) .
The IRAC Basic Calibrated Data (BCD), together with the corresponding uncertainty (BUNC) and individual bad pixel mask (BDMSK), were retrieved with Leopard (Spitzer Software Team 2008) . The data reduction was performed with the standard Spitzer Science Center pipeline for raw IRAC data; the mosaics were created with the MOPEX software (Spitzer Post-BCD Tools Team and Science User Support Team 2012). The reduction process includes bias and flatfield corrections, conversion from engineering to scientific units, addition of WCS coordinates, combination of single exposures into a mosaic, and it removes cosmic rays. The final images are aligned with the galaxy major axes and have a pixel size of 0.75 arcsec. In addition to the images, noise maps and mask files were created.
The IRAC channels 1 and 2, with effective wavelengths of λ ≈ 3.6 µm and λ ≈ 4.5 µm, respectively, mainly trace stellar emission and have the advantage of being nearly unaffected by dust. We used channel 1 to determine the structural parameters of the overall stellar population in our galaxies by fitting the edgeon disk model (Eq. 4) to the [3.6] data.
The IRAC channels 3 and 4, with effective wavelengths of λ ≈ 5.7 µm and λ ≈ 8.0 µm, respectively, trace the emission of hot dust and polycyclic aromatic hydrocarbon molecules, but also include contributions from stellar emission. We used the data from channels 1 and 2 to estimate the stellar contribution to the light in channel 4 (as described in Pahre et al. 2004 ) and subtracted it from the channel 4 data to create images of the nonstellar emission in the galaxies. We fit the same edge-on disk model as in Eq. 4 to these nonstellar images to derive estimates of the scale height and -length of the dust in our galaxies.
Results
In this section we first study the vertical stellar density profiles at different galactocentric distances, followed by the radial distributions at different heights above the midplane. The section concludes with a discussion of the observations and a comparison with integrated light observations.
Vertical profiles
We split the observed stars into the five age groups described in Sect. 2.2. The stellar density maps for all of these populations are shown in Fig. 2 . It is obvious that older populations are more extended than young ones. While this is some extent also visible in the radial direction, it is clearly evident in the vertical direction.
The thickness of the disks can be well examined in Fig. 3 . Vertical star count profiles are shown there at different radial positions within the galaxies. The RGB stars (show in red) are the dominant population in all our galaxies at all radii; they have the highest star count density and the largest vertical extent. To quantify the thickness of each population, we fit a sech 2 model to each radial bin (see Eq. 3); the fits are shown as a dotted line in Fig. 3 . Remarkably, each profile can be fit well by a single sech 2 profile (plus background). There is no need to add a second component, that is, a thick disk (for more details on this, see Sect. 3.3.2) . It is also noteworthy that most profiles show a clear peak in the center and that only the RGB profiles near the galaxy centers have a central dip. Such dips are often observed in vertical profile studies (e.g., Seth et al. 2005b) and are usually attributed to the extincting effects of dust. We discuss this matter in more detail in Sect. 4.1.
The radially averaged scale heights that are determined through two-dimensional fits are shown as as a function of age in Fig. 4 . In general, an increase of scaleheights with age is visible: While the three youngest populations (MS, upper HeB, and lower HeB) have approximately the same scale height, this scale height is smaller than the AGB scale height, which is even smaller than the scale height of the RGB stars. The relative amount of this increase differs from galaxy to galaxy; in IC 5052 the scale height increases by 100% (from young to AGB) and 50% (from AGB to RGB), in NGC 5023 by 50% and 33%, and in NGC 4244 by only 20% from young to AGB and from AGB to RGB.
We measured the scale heights at different radial positions within the galaxies, as can also be seen in Figs. 3 and 5. Figure 5 nicely shows that for most populations the scale heights change very little with radial position within each galaxy. While for the three young populations the scale heightx are constant along the disk, the older populations show some mild flaring. We quantified the strength of the flaring by fitting a straight line to the scale heights as a function of projected radius. The slopes of these regression lines are given in Table 3 . Notes. Amount of flaring in the older populations of the three galaxies (younger populations do not flare). The column "slope" gives the absolute flaring dz 0 /dR, the column "rel. flaring" the relative increase of scale height (z 0 (R max )−z 0 (R=0))/z 0 (R=0) over the full observed range in radii, and the column R max the maximum galactocentric radius to which a scale height was measured.
The slopes in the young populations (MS, upHeB, and lowHeB) are consistent with zero flaring. The intermediate and old populations in all three galaxies have very similar slopes of ≈ 10 parsec per kiloparsec, except for the RGB in IC 5052, which has almost 30 pc/kpc.
Radial profiles and 2D fits
We also extracted the radial profiles from our data. The profiles at different heights from the midplane are plotted in Fig. 6 . While the profiles do have some irregularities, they can roughly be described as broken exponentials, with steeper slopes outside the break. Figure 7 shows that the scale lengths of AGB and RGB populations are approximately constant with height above the plane. For younger populations the height dependence could not be measured because there are too few younger stars at large heights.
In two of the galaxies, NGC 4244 and NGC 5023, the average scale lengths (which were determined through the 2D fits) decrease with age, meaning that older populations are more centrally concentrated than younger populations. IC 5052 shows the Star count surface density maps (logarithmic scale) of stellar populations in three low-mass edge-on galaxies: IC 5052, NGC 4244, and NGC 5023 (left to right). Gray areas show the regions that were masked because of our crowding limit. Vertical and horizontal gray lines are the bin edges for the extraction of the vertical and horizontal profiles in Figs. 3 and 6.
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10 -2 10 -1 10 0 x=3.2kpc x=3.2kpc x=3.2kpc x=3.2kpc x=3.2kpc 4 3 2 1 0 1 2 3 10 -2 10 -1 10 0 x=5.0kpc x=5.0kpc x=5.0kpc x=5.0kpc x=5. Table 4 ). From combining the results for scale length and height, it is clear that younger populations are in general thin and radially extended, while older populations are thicker and radially more compact, as we show in Fig. 9 . This is what is seen in the MW for monoabundance populations (e.g., Bovy et al. 2012b ).
Breaks in radial profiles:
The break radii for all populations within a galaxy are approximately the same (within a kpc, see Fig. 10 ), and there is no trend with age.
Outside the break, the younger populations have steeper profiles than older populations. This leads directly to a stronger break for younger populations; their profiles are rather flat inside the break and very steep outside, while for older populations the scale length changes only little (by about a factor 2-3) across the break (see Fig. 11 ). have their maximum near the literature value of the center, but the center of the fit is dominated by the central position between the breaks. In Fig. 12 , the contours of young stars and RGB stars of IC 5052 are shown in an R-band image (Meurer et al. 2006 ). The innermost RGB contours coincide well with the brightest region of the R-band image and with the HyperLEDA position of IC 5052. In contrast, the center of the outer RGB and the young star contours lie farther to the southeast and coincide better with the dynamical center of the galaxy, taken from HI observation (Peters et al. 2013 ).
In the residual images from our two-dimensional fitted models (see Fig C.1 ) the overdensity appears approximately circular. We therefore repeated the fits of the RGB and AGB populations in IC 5052 with the overdensity described by an additional Sersic component and evaluated the structural parameters of the disk again. While the scale heights and the break, the radii of the two component fits are approximately the same as in the onecomponent fit, the scale lengths are significantly larger. The re- NGC 4244 This galaxy also has an asymmetric radial profile (see Fig. 6 ). At the northeastern (in our plots, at the left) end of the disk, all populations show a break at about 9 kpc (see also de Jong et al. 2007 ). On the southwestern (right) side the break occurs at about 7 kpc, followed by a plateau between 8 kpc and 12 kpc, where the profile again breaks. These structures cannot be modeled by our simple edge-on galaxy models, and thus we only used the northeastern part for our fit (up to x < 4 kpc).
Additional thick-disk or halo component?
It is now widely accepted that galaxies contain multiple (disk) components. In contrast to this, as evident in Fig. 3 , the ver- Fig. 12 . R-band image of IC 5052 (Meurer et al. 2006) . The density of RGB stars is shown as red contours, the density of young stars as blue contours. The yellow reticle indicates the dynamic center of the H I gas (Peters et al. 2013 ), the green cross shows the central position of the galaxy from HyperLEDA. The black boxes show the (approximate) coverage of our GHOSTS fields.
tical profiles of our low-mass galaxies could be fitted well by single-disk models. This is remarkable because more than three orders of magnitudes in surface density is covered between the central and the outermost parts of the galaxies; this corresponds to about eight magnitudes in surface brightness. This is significantly deeper than most of the integrated light observations that have been used to detect the thick disks.
However, the profiles presented so far were not optimized for low-density regions. As we described in Sect. 2.1, GHOSTS has two sets of culls for optimal star selection, one optimized for crowded regions, the other optimized for sparse regions. In previous sections we used the crowded field culls to optimally sample the inner regions of the galactic disks. We now use the sparse field culls, which are optimized for low-density regions.
Additionally, the fine binning of the data we used before made it impossible to detect structures below a surface density of 0.019 arcsec −2 (which equals one star per bin). By using broader bins, we can further extend the analysis to fainter regions. In the following we use a 200 wide strip along the minor axis of each galaxy and adjust the vertcal bin size from ≈ 7 at highest densities (near the midplane) to ≈ 40 at lowest densities to create deeper vertical profiles and search for additional structural components.
The result of this is shown in Fig. 13 . Compared to Fig. 3 , we now reach about one order of magnitude deeper. A faint second component can now be detected in IC 5052 and NGC 4244. Since we used star count data, this second component cannot be an effect of scattered light and extended PSFs, which might lead to similar detection in integrated light studies, if not modeled carefully (de Jong 2008; Sandin 2014) . We fit the whole profile with two sech 2 components. In both galaxies the second components are very faint, their central surface star count densities n 0 are only 0.6% (IC 5052) and 0.08% (NGC 4244) of the main disk central surface brightness. As a result of their larger scale heights (z 0,ext = 2.30 ± 0.69 kpc for IC 5052 and z 0,ext = 3.04 ± 2.29 kpc for NGC 4244), the second components dominate at |z| > 2.2 kpc and |z| > 2.8 kpc, respectively. If we assume that radial structure of the extended component is similar to the main disk, we can calculate the star count ratio (and thus the stellar mass ratio) of the two components. It is M ∝ z 0 n 0 , which leads to a mass ratio of M ext /M thin =0.017 for IC 5052 and M ext /M thin =0.003 for NGC 4244. . Surface number density profiles of RGB stars in the central regions of the three galaxies (shown in red), the dashed lines are the best-fit models, the dash-dotted lines show the different components, two sech 2 functions, and a constant for background contamination. The light blue dashed line is the (backgroundsubtracted) surface brightness in the Spitzer 3.6µm filter, the solid blue line shows the Spitzer data averaged to the same bin size as the star count data, and the horizontal gray line plots the estimated noise level of the background of the Spitzer data.
In NGC 5023 we did not detect an extended component, but neither did we reach as faint as in the other galaxies. The profile of NGC 5023 is based on a single SNAP observation, and its CMD reaches only 1.5 mag below the TRGB. This leads to fewer detections of stars and thus a higher noise level. Furthermore, the vertical extent of our observations is limited to z ≈ ±3 kpc (since there are no additional fields on the minor axis), which prevents detecting an extended component. Thus, we cannot rule out the presence of a faint extended component in NGC 5023.
We note that the choice of sech 2 for fitting the second component is a mere choice of convenience. It is not meant to imply that these components are really disk components. It is possible to fit these components equally well with other functions (e.g., exponential, Sersic, power law), but the sech 2 allows for the most direct comparison between the main disk and the second component. The possible nature of the second components is discussed in Sect. 4.
Comparison with Spitzer data
We here used Spitzer images from channel 1 (at 3.6µm) for comparison with the RGB count profiles. For the transformation from RGB counts to surface brightness we used the the same artificial CMDs as in Sect. 2.2 with a constant SFR and a flat MDF. By equating the number of RGB stars in the artificial CMDs with the expected flux of the underlying population, we calculated the counts-to-flux conversion factor. This factor can of course only be a rough estimate of the true conversion because the exact transformation depends on the star formation history, which is unknown for the real galaxies. But as Fig. 13 shows, where the Spitzer profiles are shown as light blue and the RGB counts as red lines, the transformation matches the profiles quite well. At larger heights RGB stars are apparently the dominant contributor to the channel 1 light.
While the Spitzer and RGB profiles match well, there are two main differences in a large part of their overlap regions.
First, the RGB profiles reach much deeper than the Spitzer profiles. The Spitzer profiles are limited by a relatively bright background. To determine the sky brightness, we measured the mean brightness of a large empty region far away from the galactic disk. The corresponding standard deviation in this region was used as an estimate for the noise and is shown as a horizontal gray line in Fig. 13 . 10 Star counts are not affected by sky brightness, but they are limited by the number of contaminants, that is, by faint foreground stars and unresolved background galaxies. The density of these contaminants is so low that our star counts can reach an equivalent surface brightness below 30 [3.6µm]-mag/arcsec 2 . Second, the Spitzer profiles have a sharper peak in the midplane regions than the star count profiles. The reason for this could be that the Spitzer data contain a mixture of all stellar populations, as well as dust and PAH emission (Meidt et al. 2012 ). The younger populations, which have a much smaller scale height than the RGB stars (see Sect. 3.1), will add extra light to the central regions of the profile. It could also be that we miss some of the RGB stars in the central regions due to crowding effects or dust. While we did correct for a decreasing completeness with higher star count densities, we did not correct for dust effects that will influence our optical data (where the star counts are made) more than the infrared Spitzer data.
In Table 4 the scale heights and -lengths of the five populations and the Spitzer data are listed. The Spitzer scale heights lie within the range of the scale heights of the resolved populations and are close to the value of the AGB scale heights 11 , supporting a interpretation as a combination of these different populations. The Spitzer scale lengths (of NGC 4244 and NGC 5023), on the other hand, are shorter than those of any population, which precludes an interpretation of the Spitzer data as a simple combination of the stellar populations. From the two possible reasons for this mismatch, incompleteness and/or dust, we asses the former as unlikely. Through the extensive artificial star test we have a good estimate of the completeness, and we have corrected for it. Furthermore, all regions with a completeness below 50% are excluded from the analysis, which leads to small uncertainties in the final star counts. On the other hand, we do see signs of dust. Its effects are discussed in Sect. 4.1.
Summarizing results
Before we move on to the discussion, we summarize all our results from this section: All three of the analyzed galaxies show the following trends in their structural parameters: -The scale height of stellar populations increases with age, but only on timescales longer than about 300 Myr. -The scale height of the young stellar populations is essentially constant along the disk, while AGB and RGB stars exhibit a mild flaring. -The scale length of stellar populations is essentially independent of the height above the plane. -The break radius is independent of stellar population age. Two out of three galaxies (NGC 4244 and NGC 5023) have similar trends in their radial profiles: -The scale length of stellar populations decreases with age.
-The break strength, that is, the ratio of inner to outer scale length, decreases with age. A third galaxy (IC 5052) has an increasing scale length with age, which leads to a constant break strength. This galaxy also has an additional overdensity of old stars, which lies off the center of the disk.
Discussion
Possible effects of extinction by gas and dust
In the previous section we have used a sech 2 profile for the vertical and a Bessel K 1 function for the radial profile of the star count surface density distribution of our galaxies. By doing this, we have implicitly assumed that the galaxies are transparent, meaning that the surface density is the result of the density integrated along the line of sight through the whole galaxy. The presence of dust will lead to a deviation from this idealized assumption.
Determining the real distribution of dust in external galaxies is very difficult and beyond the scope of this paper; so we cannot correct for extinction effects directly, but we can model the effects of different dust distributions on star count maps of an idealized galaxy model.
11 Table 4 lists the results of a sech 2 fit. Since the Spitzer profiles are more peaked than the stellar profiles, they are better fit by a generalized sech 2/n profile with n > 1. This changes the best-fit Spitzer scale heights to be close to the RGB scale height (see Appendix A).
We modeled the density of both the stars and the dust as exponential disks with a sech 2 distribution in the vertical direction. We calculated the observed surface brightness by solving the standard differential equation for the 1D radiative transfer along the line of sight,
with κ ∝ ρ dust (x, y, z) and ∝ ρ star (x, y, z). It might be questioned whether a radiative transfer equation is appropriate for treating star counts. But in fact the effects of absorption are similar: It will attenuate and redden the light of a star until it falls below the detection limit of our observations (or out of our CMD selection boxes); and the higher the absorption, the higher the fraction of stars that are removed from the CMD. Furthermore, kostenlose email teststar counts have the advantage that they are not affected by scattered or reflected light: the light of a star that is absorbed will not be re-emitted to become part of our star counts; thus the emissivity is proportional only to the local stellar density and has no scattered light term. The details of the effects of absorption on star counts do, of course, depend on the distribution of stars in the CMD, that is, on the luminosity function and, thus, on the star formation history. In this sense, our approach is very simplified, but a full extinction modeling is beyond the scope of this paper.
We used three parameters for the dust and stars to model the 3D distribution: central density ρ 0 , scale height z 0 and scale length h r . The density is then given by
The parameters of the stellar disk were kept fixed, with h r = 1 and z 0 = 0.2. The scales of the dust were varied to be either larger or smaller than the stellar ones. We analyzed four models with all possible combinations of h r ∈ {0.5, 2.} and z 0 ∈ {0.1, 0.4}. The resulting vertical and radial profiles are shown in Fig. 14 . The qualitative effect of the dust on the vertical and radial profiles is similar: If the scale height (scale length) of the dust is smaller than that of the stars, there is a dip in the vertical (radial) profile. If the scale height (scale length) of the dust is larger than that of the stars, the vertical (radial) profile is flattened in the center, but no dip can be seen. The depth of the dip or the flattening depends on the dust mass (see also Seth et al. 2005b , for a similar analysis).
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We compared the results of our simple dust models (Fig. 14) with the observed vertical profiles (Fig. 3, and also Figs. C.1 to C.3). The observed profiles have small dips only in the RGB profiles, while the profiles of the AGB and young stars still have peaks in the midplane. This suggests that the dust scale height is smaller then the RGB scale height, but larger than the AGB scale height. This is consistent with our measurements of the scale heights of the PAH emission, which is near or above the AGB scale height (see Table 4 ). There is also good agreement between our PAH scale height and the dust scale height in NGC 4244 as measured by Holwerda et al. (2012) using far-IR observations with Herschel.
Such large dust scale heights agree well with the results of Seth et al. (2005b) , who came to the same conclusion for a sample of low-mass galaxies (including NGC 4244), and with the results of Dalcanton et al. (2004) , who found the ISM of lowmass galaxies (V rot < 120 km/s) to be more diffuse and vertically extended than in massive galaxies.
The dust also affects the radial profiles and can lead to a dip or a flattening (see Fig. 14) . In the data we do not see any central dip in our radial profiles (Fig. 3) , but a flattening cannot be ruled out. Taking into account the smaller scale length of the Spitzer 3.6µm data, it appears even very likely that the scale length of the star count data is affected by dust. Thus, the true scale length of the underlying populations might be smaller than given here.
Direct comparison to other structural measurements in these galaxies
Star count measurements Seth et al. (2005b) analyzed resolved stellar populations in the same three galaxies and di-vided them into three age groups (young, intermediate=AGB, old=RGB) . At that time, they did not have enough data sets to study scale lengths or flaring, but they were able to measure scale heights. Their results are given in Table 5 ; they agree with our measurements. In a series of papers, Tikhonov & Galazutdinova studied the resolved stellar populations of a number of galaxies. Tikhonov & Galazutdinova (2005) analyzed NGC 4244, among other galaxies. They used one central ACS field (which in our field list is Field01) and two WFPC2 fields. In agreement with our results, they found an increasing thickness of the stellar populations from blue to AGB and RGB stars, but they did not quantify this. In one of the WFPC2 fields, they claimed to detect the transition from a thick disk to a halo in form of a flattening of the vertical gradient of RGB star density at a height of z= 2.7 kpc. This is a similar height as we found for the transition to a weak halo in Sect. 3.3.2, but a detailed comparison is not possible because their paper lacks a description of the selection of the stars, completeness correction, and treatment of unresolved background galaxies. Tikhonov et al. (2006) have analyzed the stellar populations of IC 5052 and NGC 5023. They also found an increase of thickness with increasing stellar age and a break in the vertical density gradient of RGB stars at z= 1.9 kpc and z= 1.6 kpc for IC 5052 and NGC 5023, respectively. While for IC 5052 this could be the same transition we found in Sect. 3.3.2, we do not see such a break in NGC 5023. A more detailed comparison is not possible due to the only rough description of their data and missing figures in their manuscript. Notes. All values in kpc. All scale heights are scaled to our assumed distances.
References. Infrared measurements The galaxies are also listed in the S 4 G survey (Sheth et al. 2010; Regan 2013) , which also includes structure decompositions (Salo et al. 2013) . Salo et al. (2013) found somewhat larger scale heights (IC 5052: 270/740 pc, NGC 4244: 600 pc, and NGC 5023: 380 pc) than we did for the 3.6µm images that range near our RGB scale heights.
IC 5052 is included in the sample of Comerón et al. (2011a) , who also used S 4 G data. They fit a thin (indexed with t) and a thick (indexed with T) disk with z 0,t = 250 pc and z 0,T = 730 pc in the outer part and z 0,t = 190 pc and z 0,T = 650 pc in the inner part of the galaxy 13 . They obtained a ratio of column mass densities Σ T /Σ t = 2.1 in the outer part and Σ T /Σ t = 2.5 in the inner part. They stated that their data are also compatible with a single-disk structure.
NGC 4244 was separately analyzed in Comerón et al. (2011b) . They claimed to have detected a very subtle thick disk in NGC 4244, but only on one side of the galaxy, while on the other side a single exponential is sufficient to describe the vertical profile. They derived h z = 350 pc on the northern side and h z,t = 300 pc and h z,T = 370 pc on the southern side, which corresponds to z 0 = 700 pc z 0,t = 600 pc and z 0,t = 740 pc for a sech 2 fit. This is significantly larger than our results. A possible reason for this discrepancy is the use of different fit functions. While an exponential and a sech 2 do coincide for z 4h z = 2z 0 , they differ for lower values. Because both Comerón et al. and we also fit regions nearer to the plane, the scale heights for the exponential fit are larger than those for the sech 2 fit.
Visual measurements van der Kruit & Searle (1981a , 1982a have measured g-band 14 scale heights as a function of position in NGC 4244 and NGC 5023. They found constant scale heights along the plane with values of z 0 = 0.58 kpc for NGC 4244 and z 0 = 0.46 kpc for NGC 5023. This agrees with our RGB scale heights.
Disk heating timescales and mechanisms
The heating of galaxy disks has mostly been studied in the Milky Way, mostly due to the lack of good age indicators in external galaxies. In the Milky Way the heating is usually examined through the age-velocity dispersion relation (AVR), which is equivalent to an age-scale height relation, because scale height h z and vertical velocity dispersion σ z are connected by
where G is the gravitational constant, Σ the surface mass density, and c a constant that depends on the form of the vertical mass profile 15 . Even though the AVR has been studied for decades, there is still no consensus on the form of the AVR. Some authors found a smooth power-law increase of the velocity dispersion with time (Wielen 1977; Nordström et al. 2004; Koval' et al. 2009 ), while others found a flattening for stars older than a few Gyr (Carlberg et al. 1985; Soubiran et al. 2008) , with a possible increase for very old stars (> 9 Gyr) in the thick disk (Edvardsson et al. 1993; Quillen & Garnett 2001; Anguiano et al. 2012; Anguiano 2012) . Possible reasons for the discrepancies might be difficulties in age dating stars 16 or selection effects (dwarf stars vs. giants; including all stars vs. excluding moving groups and thick-disk stars). But the authors' choice of model can likewise influence their conclusions. For example, Seabroke & Gilmore (2007) showed 13 The original values in their paper are different (180 pc, 530 pc, 140 pc, and 470 pc); we have converted them to our scale: While they used exponential scale heights, we used sech 2 , which differs by a factor of 2. Furthermore, Comerón et al. assumed a larger distance (8.1 Mpc). We have corrected for this.
14 The authors denote their band "J", but with an effective bandpass from 400 nm to 540 nm (van der Kruit 1979) it lies between the B and V band and covers a wavelength range similar to the SDSS g-band. 15 e.g., for a sech 2 it is c=2 and for an exponential c=3/2. 16 For example, an age uncertainty of only 30% for the oldest stars, which is much lower than the uncertainties in current data, can erase a sharp increase in velocity dispersion at 9 Gyr (Martig et al. 2014a). that although the data of Nordström et al. (2004) are indeed consistent with a power-law increase of σ z , neither can they reject a saturation of σ z at ages older than 4.5 Gyr.
As possible mechanisms for heating the disk, scattering by giant molecular clouds (GMC) were the first to be proposed by Spitzer & Schwarzschild (1951) , followed by spiral structure (Barbanis & Woltjer 1967) and massive compact halo objects (MACHOS, e.g., black holes; Lacey & Ostriker 1985) . None of these alone were found to be supported by the observations (see, e.g., Binney & Tremaine 2008 , and references therein). Other proposed mechanism include minor mergers (Toth & Ostriker 1992) , which can lead to a sudden increase of velocity dispersion, when the satellite is relatively massive (Quinn et al. 1993 ), or to a smooth heating, when many small galaxies are accreted over a long time span (Velazquez & White 1999) , resonances from the bar (Kalnajs 1991) and dissipating star clusters (Kroupa 2002) . We note that the two most accepted models, namely scattering by GMC and spiral arms, would lead to a saturation. This is easily understood for the vertical motion σ z , since GMC and spiral arms act on stars in the very midplane of the disk, and any star with a high vertical velocity will spend most of its orbital time far away from the plane. Thus, it would no longer be affected by GMCs or spiral arms.
Our data do not have the necessary age resolution to answer the question of a possible saturation of the heating, but we can constrain heating efficiencies. We fit a power law z 0 ∝ t β to our data (see Fig. 4 , excluding the data point of the youngest stars) and found indices β in the range 0.09-0.32. According to Eq. 9, this corresponds to a power law for the velocity dispersion σ z ∝ t α with α = β/2. This is significantly lower than the Milky Way value α MW > 0.3 (e.g., Hänninen & Flynn 2002; Nordström et al. 2004) 17 , but consistent with the values for lowmass galaxies found by Seth et al. (2005b) . A probable explanation for the lower disk heating in low-mass galaxy is that the two main heating mechanisms, scattering by GMCs and by spiral structure, are less efficient because low-mass galaxy are gravitationally more stable, resulting in a less strong spiral structure, and a more extended, but less dense interstellar medium, resulting in fewer GMCs (Dalcanton et al. 2004 ). Martig et al. (2014a,b) have analyzed seven simulations of disk galaxies representing a variety of merger histories. They have separated each galaxy into so-called mono-age populations, each representing an age range of 500 Myr, and analyzed how their structural parameters (scale length and -height, velocity dispersion) change as a function of age (at z=0).
Structural evolution of stellar populations
In galaxies with a quiescent merger history they found a smooth decrease of scale length with age and a smooth increase of scale height (and vertical velocity dispersion). Only for very old stars (age> 8.5 Gyr), a jump in vertical velocity dispersion can be seen. These very old stars are centrally more concentrated and show strong flaring; they are more likely associated with a bulge or inner halo component. The physical reason for the smooth evolution of scale lengths is seen in radial migration. Stars are born in an irregular, but relatively flat profile with a break. With time, stars migrate and populate the outer disk, thus erasing the break. At the same time, the central parts contract (due to conservation of angular momentum), which leads to a steepening of the radial profile. The vertical heating in their simulation is caused by spiral arms, overdensities in the disk, the bar and bending waves, but not by radial migration.
As expected, mergers have a significant effect on the evolution of scale height: A merger leads to a sharp increase in the AVR by increasing the velocity dispersion or scale heights of all populations born before the merger. But it also has an interesting effect on the scale length evolution: Near the time of a merger, the normal trend of scale lengths with age is reversed. For a certain age range (usually about 2 Gyr), the scale length increases with age. This leads to V-shaped structures in a scale length vs. age plot. During this period, scale height and scale length are correlated.
The increase (decrease) of scale height (scale length) with age and the corresponding anti-correlation in a h z -h r plot that Martig et al. see in quiescent galaxies is very similar to what we see in NGC 4244 and NGC 5023 (see Fig. 9 ).
The exceptional behavior of IC 5052 can also be explained in the light of the results of Martig et al., if we assume that IC 5052 recently experienced a merger. This assumption is strongly supported by the irregular radial profile of IC 5052 (see Sect. 3.3.1); the overdensity of old stars that is found with an offset from the dynamical center of the galaxy could be the remnant of a merging satellite. Furthermore, the residual map from the fit (Fig. C.1 ) reveals a stream-like feature that connects the overdensity on the northwestern (in our plots left) side of the disk with a smaller overdensity at the southeastern (right) side. Martig et al. (2014a) have also shown that a merger will lead to a strong flaring of the pre-existing disk. That fits the fact well that the old population of IC 5052 has the strongest hints on flaring (see Table 3 ) and the highest heating efficiency (see Fig. 4 ) of all our galaxies. Bird et al. (2013) have analyzed a high-resolution cosmological simulation of a Milky Way-mass galaxy. They also separated their simulated galaxy into different age groups and found an increasing scale height and a decreasing scale length with age. These trends are similar to Martig et al. (2014a,b) and our observations, but in contrast to Martig et al. (2014a,b) , these trends are imprinted on the populations during their formation and change only little during the evolution of the galaxy. In their model the age evolution of the structural parameters is a direct consequence of the time evolution of the properties of the gas from which the stars are formed. While the gas at high redshift has a large vertical extent and is mainly dispersion supported, it becomes thinner and radially more extended with time; and the stars follow this behavior.
Another feature in the galaxy of Bird et al. (2013) can also be compared with our observations. Their galaxy has a strong flaring in all age groups and velocity dispersion profiles that are almost constant with radius for each age group. This strongly disagrees with our observations and with integrated light (van der Kruit & Searle 1981a ,b, 1982a Shaw & Gilmore 1990; de Grijs & van der Kruit 1996) 18 and kinematical observations (van der Kruit & Freeman 1984 , 1986 Bottema 1993; Martinsson et al. 2013) , which all found constant scale heights and exponentially decreasing velocity dispersions. The strong flaring reported by Bird et al. (2013) is not a consequence of the evolution 18 Some galaxies in these papers do show a hint of an increase of scale height at the very edges of the disks. See also for a sample of flaring galaxies. or interactions, but it is also already imprinted on the gas at all times.
The small amount of flaring that we observe in the three galaxies also contradicts most simulations that model disk formation in a cosmological context. The ubiquity of merger events inevitably produces flaring disks (Bournaud et al. 2009; Qu et al. 2011) . The absence of (strong) flaring could thus indicate a rather quiet merger history of these galaxies. A possible alternative explanation was recently proposed by Minchev et al. (2015) , who found that the total stellar density can appear unflared even when all the mono-age populations flare. This may occur because the scale lengths change with age and the flare of each population occurs at a different radii. The combined flares of all populations can then be described as a nonflaring thick disk with a radial age gradient. While we do resolve the stars in populations of different ages, the wide age range especially of the RGB component could smear out the flaring effects; but in this case, a separate thick-disk component should be present. The absence of such a thick disk renders this scenario unlikely for our observations. Stinson et al. (2013) compared a cosmological simulation of a Milky Way-like galaxy including detailed chemical modeling with the results of Bovy et al. (2012b) . They also separated their model galaxy into mono-abundance populations and found an anticorrelation between scale height and scale length. They showed that the mono-abundance populations are good approximations of mono-age populations (usually with 1σ age spreads of less than 1 Gyr) and that the anticorrelation is indeed caused by an increase of scale height and a decrease of scale length with age. This therefore fully agrees with our observations of NGC 4244 and NGC 5023. Stinson et al. (2013) have neither studied the radial variations of scale heights, nor the physical origins of these relations.
Thin-and thick-disk dichotomy?
Studies of the age evolution of galactic disks beyond the MW (or even the Local Group) similar to the theoretical work in Sect. 4.4 were very difficult until recently, and only a few authors have tried it (e.g., Seth et al. 2005b; Tikhonov & Galazutdinova 2012a,b) . Thus, most observational data on disk evolution comes form thin-and thick-disk decompositions 19 . Thick disks are usually found to be thicker by a factor of at least z T /z t > 1.6 (Yoachim & Dalcanton 2006) , in most cases it is even z T /z t > 2.6 (Comerón et al. 2011a; Pohlen et al. 2004 , and references therein). The scale lengths of the thick components are, with only a few exceptions, also larger than those of the thin disk (Pohlen et al. 2004; Yoachim & Dalcanton 2006; Comerón et al. 2011a ). On average, no flaring was found in either the thin or the thick disk (Comerón et al. 2011a) .
The question then is how our disks would fit into these samples and whether our old disks are comparable to thick disks. Figure 15 shows the scale heights compared to thin-and thick-disk scale heights reported by Comerón et al. (2011a) and Yoachim & Dalcanton (2006) . While all our measured disk scale heights are consistent with thin-disk scale heights, the scale heights of the faint extended components in IC 5053 and NGC 4244 are larger than typical thick-disk scale heights. We found old-to-young scale height ratios of about 3, 1.5, and 2 (for IC 5052, NGC 4244, and NGC 5023, respectively). While for IC 5052 and NGC 5023 this agrees well with earlier thick-disk studies, it would make the disk of NGC 4244 the thinnest thick disk (relative to the thin disk) seen so far. These thickness ratios also agree well with the velocity dispersion measurement within the thin disk of the Milky Way (see Sect. 4.3): The velocity dispersion of stars increases from less than 10 km/s at an age of 1 Gyr to more than 20 km/s at ages of about 6 Gyr. According to Eq. 9, such a doubling of velocity dispersion would result in an increase of scale height by a factor of four, which is already more than we observe. Furthermore, in two of three galaxies (namely NGC 4244 and NGC 5023) the old and thicker component has a much shorter scale length than the young populations, in contrast to earlier thick-disk observations in external galaxies.
Therefore, we conclude that the old disks observed here are really the old thin disks of these galaxies. More extended components are much fainter and cannot contain more than 2% of the stellar mass (see Sect. 3.3.2).
Breaks
In each galaxy we found the break radius to be the same for all populations. The breaks are sharper, that is, the ratio h r,i /h r,o is higher, for younger populations. This agrees with earlier observations by de Jong et al. (2007) and Radburn-Smith et al. (2012) . The conclusion that a constant break radius favors a dynamical origin of the break (de Jong et al. 2007 ) was questioned by Roškar et al. (2008) . In their simulation, the break was caused by a decrease in the gas density and the break radius moved outward with time, while gas with higher angular momentum was accreted. Despite this change of break radius with time, at the end of the simulation the break radius was the same for populations of all ages. This is due to the radial migration of stars: The oldest stars that have the most time to migrate move farthest outward, shifting their break to larger radii and weakening their strength.
A similar behavior is seen in the test particle simulations of Elmegreen & Struck (2013) . They started with a flat radial density profile of stars with a sharp cutoff at a given radius. This initial disk was perturbed by transient mass clumps in the disk, which led to a double exponential profile with decreasing break strength, until at the end, after several Gyr, the break was erased and a single exponential had formed. During this process, the break radius also moved outward.
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Our findings are in contrast with those of Bakos et al. (2008) , who argued that the break is only a change of stellar populations, but not a change in the mass density profile. While we also see a change in stellar populations, namely a change in the ratio of young to old stars, which has a maximum near the break, it is also clear from the existence of the break in all populations that the mass profile is also broken.
Conclusions and summary
We have mapped the stellar populations of three low mass, edgeon disk galaxies: IC 5052, NGC 4244, and NGC 5023. Through analyzing their CMDs, we separated the stellar content of the galaxies into five populations of distinct ages. We measured the structural parameters (scale heights, inner and outer scale lengths, break radii, and flaring) for each population and analyzed their dependence on stellar age.
Each component of each galaxy was well fit with a singledisk model with constant scale height and a broken exponential radial profile. None of the populations showed a need for second (e.g., thick) disk component. Along the minor axes of IC 5052 and NGC 4244 we detected very faint additional components in the old population, which contained at most 1% of the main disks mass and are thus much fainter than a typical thick disk. These extended components are probably the faint halos of their galaxies.
We estimated the amount of flaring in all the populations. While the younger populations do not flare, the intermediate and old populations show a small increase of scale height by about 10 pc per kpc in radius. This adds up to a relative flaring of not more than 30% over the whole observed radial range, which reaches well beyond the break in the radial profiles. While such a low amount of flaring is consistent with most earlier observations, it challenges cosmological simulations of galaxy disks, where interactions and mergers usually lead to a stronger flaring.
All galaxies have an increase of scale height with age, but the disk heating efficiency, expressed through the index α in the power law of the form σ z ∝ √ z 0 ∝ t α , is lower than in the Milky Way. This can be well understood through the weaker spiral structure (i.e., higher gravitational stability) and more diffuse interstellar medium of low-mass galaxy disks.
The break in the radial profiles appears at the same radius for all ages in each galaxy. In two of the galaxies (NGC 4244 and NGC 5023), the break strength decreases with age, which supports break formation models that induce a sharp cutoff of star formation (either through star formation thresholds or limited gas supply), which are then softened by scattering and migration of stars over time.
In IC 5052 we detected an additional overdensity of old stars, which lies off the center of the disk, and a stream-like feature in the fit residuals. These were interpreted as an indication of a 20 The authors stated that the break radius of the double exponential profile was comparable to the initial cutoff, but a detailed look at their Fig. 2 shows an increase of break radius with time. recent merger. The effects of this merger can be seen in the increasing scale length with age, the larger amount of flaring, and the higher heating efficiency in IC 5052 compared to the other two galaxies.
Appendix A: Scale heights in the Spitzer [3.6µ] data
We show here the measurements of scale heights along the major axis of the galaxies for the Spitzer data. We fit both a simple sech 2 and generalized sech 2/n . The Spitzer profiles are usually more peaked than a sech 2 (see also Sect. 3.3.3), and we found n > 1. The scale heights of the sech 2/n fits agree well with the RGB scale heights, and there is no or very little flaring. The parameter n of the sech 2/n increases toward the center of the galaxies, meaning that the profiles in the inner disks are more peaked than in the outer disks. 
Appendix B: Color-magnitude diagrams
We present here a number of color magnitude diagrams to show the population selection boxes and to illustrate the variety of CMD features, stellar densities, and observation depths. For each galaxy we show one CMD from the central disk, the outer disk, and the halo (if available). noise dominated data to be wdev i = sign(n i − m i ) −2(n i ln m i − m i + n i (1 − ln n i )), (C.1) with n i the pixel value of the data and m i the pixel value of the model. This is analog to the normal weighted residual (n i − m i )/σ i in the sense that it is positive for n i > m i and negative for n i < m i , and it is PLR = i (wdev 2 i ). David Streich et al.: Extragalactic archeology with the GHOSTS Survey I. 
